The objective of this study was to determine if the forage-to-concentrate ratio (F:C) of diets fed prior to and during (PRE) feed restriction (FR) and diets fed post-FR (POST) affect the recovery for DMI, ruminal fermentation, and short-chain fatty acid (SCFA) absorption following FR. Twenty ovariectomized and ruminally cannulated Angus × Hereford heifers were used in this study and were fed (ad libitum) either a high forage (HF; F:C = 92:8) or a moderate forage (MF; F:C = 60:40) diet for 19 d. Heifers were then exposed to a 5-d FR period where feed was restricted to 25% of ad libitum intake relative to that measured during the previous 5 d. After FR, heifers were provided feed ad libitum with one half of the HF and MF heifers receiving the HF or MF diet during the 3-wk recovery period (REC1, REC2, and REC3). This resulted in 4 treatment combinations separated over time (PRE-POST): HF-HF, HF-MF, MF-HF, and MF-MF. The PRE × POST interaction was not significant for any of the measured variables, and the PRE × POST × period interaction was only significant for the molar proportion of ruminal butyrate. For heifers fed HF PRE, DMI increased from REC1 to REC3 whereas DMI did not differ among periods for heifers fed MF PRE (PRE × period, P = 0.045). The duration that pH < 5.5 (PRE × POST; P = 0.003) was numerically greater during REC1 for heifers fed HF than MF PRE (191 vs. 98 min/d), with duration decreasing from REC1 to REC2 for heifers fed HF PRE. Total ruminal SCFA concentration and absorption rate were not affected by the diet fed PRE (P > 0.05) or period (P > 0.05). For heifers fed MF POST, DMI increased from REC1 to REC3 whereas DMI did not differ among POST periods for heifers fed HF POST (POST × period, P = 0.033). The duration that ruminal pH was <5.5 was greater for heifers fed MF than HF POST (274.9 vs. 14.1 min/d; POST × period, P < 0.001) with MF heifers decreasing duration from REC1 to REC2 whereas duration did not differ among periods for HF. Ruminal SCFA concentration and rate of absorption were not affected (P > 0.05) by diet fed POST. It is concluded that feeding a MF diet prior to and during FR improves the recovery response for DMI. Irrespective of the prefeeding, however, a HF diet is beneficial in the POST-restriction period because it most effectively alleviated ruminal pH reduction and hastened DMI recovery.
INTRODUCTION
In beef and dairy production, limited access to feed or voluntary reductions in feed intake occur and result in negative effects on growth performance (Arthington et al., 2008; Pritchard and Mendez, 1990 ) and milk production (Rhoads et al., 2009 ). While severe short-term feed restriction (FR) is associated with a reduction in energy intake, recent studies have further demonstrated that short-term feed deprivation (Gäbel et al., 1993 ) and short-term FR decrease short-chain fatty acid (SCFA) absorption across the reticuloruminal epithelium (Zhang et al., 2013a; Albornoz et al., 2013) , decreases rumen epithelial and total tract barrier function (Zhang et al., 2013a) , and compromises immune function (Marques et al., 2012) . Although it may not be possible to prevent FR, in many cases its occurrence is predictable as is for weaning (Gibb et al., 2000) , transportation (Galyean et al., 1981; Pence et al., 2009) , heat stress (West, 2003) , and parturition (Grummer et al., 2004) . Therefore, strategies to mitigate the negative effect of FR on absorptive function of the reticulorumen or to accelerate the recovery response have the potential to improve the health, welfare, and productivity of ruminants.
Absorption of SCFA across the reticulorumen provides the majority of the metabolizable energy supply for ruminants (Bergman, 1990) and plays a critical role in the regulation of ruminal pH (Penner et al., 2009; Aschenbach et al., 2011) . Moreover, altering fermentability by increasing the proportion of concentrate in the diet increases SCFA production (Sutton et al., 2003) and absorption (Sehested et al., 2000) . While the mechanisms behind the increase for SCFA absorption are not fully elucidated, recent studies have shown that adaptation to diets with a greater fermentability includes both functional adaptation (Etschmann et al., 2009; Penner et al., 2011) as well as an increase in the absorptive surface area (Dirksen et al., 1985; Bannink et al., 2008) . Therefore, decreasing the forage-to-concentrate ratio (F:C) to increase diet fermentability could be one practical strategy to accelerate the recovery response of the ruminal epithelia following exposure to short-term FR. The objective of the present study was to evaluate whether the F:C of diets fed prior to and during FR and those fed during recovery from FR affect the recovery of DMI, ruminal fermentation, and SCFA absorption following exposure to short-term FR.
MATERIALS AND METHODS
This is 1 of 2 papers from a single experiment designed to evaluate the effects of FR and the timeline for recovery following return to ad libitum intake when cattle were fed diets differing in the F:C. The focus of the present paper is to evaluate the recovery response on return to ad libitum intake following FR with the companion paper (Albornoz et al., 2013) describing the effects related directly to the FR period, including effects on DMI, ruminal fermentation, and SCFA absorption in response to differing dietary F:C. The experiment was conducted from May to September 2011. Throughout the study, heifers were individually housed in box stall pens (9 m 2 ) at the University of Saskatchewan Livestock Research Building and were cared for in accordance to the guidelines of the Canadian Council on Animal Care (2009) . Experimental procedures were evaluated and pre-approved by the University of Saskatchewan Animal Research Ethics Board (protocol 20100021).
Experimental Design and Feeding Management
Twenty ovariectomized and ruminally cannulated Angus × Hereford heifers were blocked by BW into 1 of 3 blocks, with 8, 4, and 8 heifers per block. The mean ± SD for BW were 463 ± 33, 482 ± 53, and 485 ± 30 kg for blocks 1, 2, and 3, respectively, with each block run consecutively to facilitate intensive sampling protocols. The adaptation period for blocks 1, 2, and 3 were initiated in May, June, and August 2011, respectively. Within block, heifers were fed the high forage diet (HF; F:C = 92:8; Table 1 ) or the moderate forage diet (MF; F:C = 60:40; Table 1 ) before (for 19 d) and during the 5-d FR period (PRE). The actual DMI consumed during FR equated to 24.9 and 24.4% for HF and MF, respectively, relative to that measured during a 5-d baseline period (Albornoz et al., 2013) . Following PRE, half of the heifers from each PRE treatment were assigned to the HF or MF diet for the duration of the 3 wk recovery period (designated as REC1, REC2, and REC3 and collectively as POST) and were fed ad libitum. This approach resulted in 4 treatment combinations (PRE-POST): HF-HF, HF-MF, MF-HF, and MF-MF. Throughout the experiment, heifers had free access to water and were fed once a day at 0800 h with refusals being collected and weighed before feeding. 
Data and Sample Collection
Feed Sampling and DMI. The daily amount of feed offered and feed refused were recorded for DMI determination, with a 5% subsample of the daily feed refused collected and composited by cow within experimental periods. Barley grain and the mineral and vitamin supplement were sampled once a week with barley silage and grass hay sampled twice weekly. Composited feed refusals and samples of feed ingredients were dried in a forced air oven at 55°C for DM determination. To account for changes in feed ingredient DM content, dietary DM was adjusted on a weekly basis and water was added to the MF diet to balance DM between the two diets.
Once dried, feed ingredients and refusals were ground in a hammer mill (Christy and Norris Ltd., Chelmsford, UK) to pass through a 1-mm screen. Equal weights of ground feed samples were used to prepare a composite ingredient sample for each block. The ground composited feed ingredient samples and refusals were analyzed for DM, ash, and NDF concentration. Crude fat and CP analysis were performed on feed ingredient samples only. A detailed description of chemical analysis has been previously described in Albornoz et al. (2013) ; nutrient concentration (Table 1) was calculated according to the nutrient composition of the feed ingredients and the inclusion rate.
Ruminal pH. For all heifers, ruminal pH was recorded every 2 min from d 1 of REC1 until the end of REC3 using the Lethbridge Research Centre Ruminal pH Measurement System (Dascor, Escondido, CA) as described in Penner et al. (2006) . From this data maximum, mean, and minimum pH values were summarized by cow within week of recovery (i.e., REC1, REC2, and REC3). The severity of ruminal pH depression was summarized by the duration (min/d) and area (pH × min/d) below the pH threshold 5.5. Area below the threshold was calculated by multiplying the difference in pH between the threshold and the actual pH value with the duration of the measurement value (i.e., 2 min). Data from d 7 of REC1 and REC3 were removed as ruminal contents were evacuated to measure the rate of SCFA absorption.
Blood, Ruminal Fluid, and Fecal Sampling. Blood, mixed ruminal digesta, and fecal samples were collected on d 5 of REC1 and REC3, with samples collected every 4 h over a 24-h duration with sampling starting at 0800 h. Blood samples were collected via a jugular catheter into 2 separate tubes, one containing sodium-heparin (148 IU sodium-heparin; Becton Dickinson, Franklin Lakes, NJ) and the second one containing a clot activator and silicone-coated interior (Becton Dickinson) used for plasma and serum collection, respectively. Plasma and serum were harvested after centrifugation at 1800 × g at 4°C for 15 min. A composite sample for each cow and period was obtained after pooling equal volumes of plasma or serum collected at each sampling time within period. Plasma was analyzed for glucose (number P7119 and number F5803; Sigma Aldrich, Oakville, ON, Canada) and insulin concentration using commercial kits (number 10-1201-01; Mercodia AB, Uppsala, Sweden). Serum β-hydroxybutyric acid (BHBA) was determined according to Williamson et al. (1962) using commercial reagents (number 127841; Roche Diagnostics, Laval, QC, Canada; and number N7004; Sigma Aldrich) and NEFA concentration was determined with a commercial kit (HR Series NEFA-HR2; Wako Chemical, Atlanta, GA).
Mixed ruminal digesta was collected from 3 locations in the rumen (cranial central, central, and caudal central) and combined before straining through 2 layers of cheesecloth. Ten milliliters of ruminal fluid was placed into a tube containing 2 mL of metaphosphoric acid (25% wt/vol). Samples were composited by sampling period and stored frozen until being analyzed for SCFA using gas chromatography. A detailed description of sample preparation and gas chromatography conditions has previously been described (Albornoz et al., 2013) .
Fecal samples, collected directly from the rectum, from each time point were composited on an equal weight basis (as is basis) and stored at -20°C. Subsequently, fecal composites were dried in a forced-air oven at 55°C until achieving a constant weight and ground to pass through a 1-mm screen. Samples were analyzed for DM, ash, and NDF concentration as previously described for feed and refusal samples.
Short-Chain Fatty Acid Absorption. On d 7 of REC1 and REC3, the temporarily isolated and washed reticulorumen (WRR) technique was performed (Care et al., 1984; Gäbel et al., 1993) for for all heifers. Methodology for the WRR has been described in detail in the companion paper (Albornoz et al., 2013) . The WRR approach was performed on half of the heifers in blocks 1 and 3 at 0900 h and the remaining half at 1300 h. Heifers in block 2 were exposed to the WRR procedure at 1300. Osmolality of the experimental buffer was (mean ± SD) 294.1 ± 1.7 mOsmol/kg. Apparent Total Tract Digestibility. Indigestible NDF (iNDF) from feed, feces, and refusals from each recovery period were determined and used as an internal marker to evaluate apparent total tract digestibility (Huhtanen et al., 1994) . Fecal output was estimated using the ratio between the intake of iNDF and fecal concentration. Nutrient intake was predicted based on the chemical composition of the TMR, the amount of feed offered, the chemical composition of the refusals, and amount of feed refused. Fecal nutrient excretion was calculated using the predicted fecal excretion and the nutrient composition of the feces.
Statistical Analysis
Data were analyzed as a randomized complete block design using the PROC MIXED procedure of SAS (ver-sion 9.2; SAS Inst. Inc., Cary, NC) with heifer nested in block as the random effect and block, treatment, period, treatment × period, treatment PRE × treatment POST, and treatment PRE × treatment POST × period as fixed effects. Two data sets were used with this model to evaluate 1) the effect of the diet fed PRE on recovery and 2) to evaluate the effect of the diet fed POST on recovery. Measurement periods (REC1, REC2, and REC3) were used as a repeated measure and the covariance error structure that yielded the lowest Akaike's and Bayesian information criterion for each dependent variable was used. Significance was declared when P ≤ 0.05, and the Tukey's post hoc mean separation test was used to compare means among treatments and periods. Tendencies are discussed when 0.10 ≥ P > 0.05.
RESULTS
There were no PRE × POST interactions (P > 0.10) and no PRE × POST × period interactions (P ≥ 0.10) with the exception for the molar proportion of butyrate (see below). Therefore, the data presented focuses on the PRE × period and POST × period interactions and the main effects of PRE, POST, and period.
Effect of the Diet Fed Before and During Feed Restriction on the Recovery Response
Dry Matter Intake, Ruminal Fermentation, and Short-Chain Fatty Acid Absorption. A PRE × period (P = 0.045; Table 2) interaction was detected for DMI as heifers fed HF PRE increased DMI throughout recovery whereas DMI did not differ among REC1, REC2, and REC3 for heifers fed MF PRE. Minimum, mean, and maximum ruminal pH during recovery were not affected by diet fed PRE (P > 0.1) or the PRE × period interaction (P > 0.1) but were affected by period (P ≤ 0.002). Minimum (P = 0.002) and mean pH (P < 0.001) values increased by 0.2 and 0.3 pH units between REC1 and REC2 but were not different thereafter. Maximum pH (P < 0.001) was greater in REC3 than REC1 and REC2. The duration of time pH was <5.5 was numerically greater during REC1 for heifers that were fed HF than MF PRE (191 vs. 98 min/d), with both treatments having marked reductions in duration from REC1 to REC2 with no further change in REC3 (PRE × period; P = 0.003). A period effect (P < 0.001) was detected for the area below the pH threshold of 5.5 (pH × min/d), with values decreasing from REC1 to REC2, with no further change in REC3.
Total SCFA concentration (P = 0.41) and the molar proportions of acetate (P = 0.17), propionate (P = 0.89), and butyrate (P = 0.46) in ruminal fluid were not affected by the diet fed PRE (Table 3) . Likewise, total SCFA concentration was not affected by period with means ranging between 96 and 93 mM for REC1 and REC3, respectively. The molar proportion of acetate increased and propionate decreased from REC1 to REC3 (P < 0.001) despite being fed the same diet across REC1, REC2, and REC3. While no PRE × period interactions existed for the molar proportions of acetate (P = 0.15) and propionate (P = 0.78), the proportion of butyrate tended (P = 0.069) to be reduced during REC1 and greater during REC3 for heifers fed MF PRE compared to HF PRE.
Interactions (PRE × period) for the absolute absorption rate (P = 0.050) and fractional butyrate absorption rate (P = 0.019) were detected. Although the post hoc mean separation test (Tukey's) did not detect differences among means for the absolute absorption rate (the smallest single degree of freedom contrast was P = 0.18), the fractional butyrate absorption rate tended (P = 0.089) to be reduced during REC3 for heifers fed MF PRE than for heifers fed HF PRE. A similar tendency for an interaction Table 2 . Interaction between the forage-to-concentrate ratio of the diet fed prior to and during feed restriction (PRE) and week of recovery (REC1, REC2, and REC3) on DMI and ruminal pH. Data presented are the means ± SEM for 10 heifers/treatment 1 interaction between treatment × period within a row with uncommon superscripts differ (P ≤ 0.05).
x-z Period means within a row with uncommon superscripts differ (P ≤ 0.05).
1 Only main effects are shown as the PRE × dietary treatment fed during recovery (POST) and PRE × POST × period interactions were not significant (P > 0.05).
2 Heifers were fed either a high forage (HF; forage-to-concentrate ratio of 92:8) or a moderate forage (MF; forage-to-concentrate ratio of 60:40) diet.
between PRE × period was observed for the fractional rate of propionate absorption (P = 0.055) but not acetate or total SCFA absorption (P > 0.05). Main effects of the PRE diet or period on total and fractional SCFA absorption rates were not detected (P > 0.05; Table 3 ).
Plasma and Serum Metabolites and Insulin. The diet fed before and during FR did not affect plasma glucose or serum insulin during recovery (P > 0.05; Table 3 ). However, glucose tended (PRE × period; P = 0.058) to be reduced for heifers fed MF PRE relative to heifers fed HF PRE in REC1 only. Despite the interaction for plasma glucose, serum insulin decreased from REC1 to REC3 (period; P = 0.022). Serum BHBA was not affected by diet, period, or their interaction (P > 0.05). Nonesterified fatty acids tended (PRE × period; P = 0.088) to be greater in REC1 for heifers fed MF PRE than HF PRE but were not different during REC3.
Apparent Total Tract Digestibility. There were no effects of the diet fed PRE or the period of recovery (P > 0.05) on DM, OM, or NDF digestibility (Table 4) . On average, DM, OM, and NDF digestibility were 66.3, 68.9, and 58.3%, respectively.
Effect of the Diet Fed Post-Feed Restriction on the Recovery Response
Dry Matter Intake, Ruminal Fermentation, and Short-Chain Fatty Acid Absorption. Dry matter intake (POST × period; P = 0.033) for heifers fed MF POST during REC1 (8.4 kg/d) was only 79% of the intake consumed in REC3 with DMI in REC2 not different from REC1 or REC3 (Table 5 ). For heifers fed HF POST, DMI did not differ among recovery periods.
Feeding the MF diet caused a reduction in minimum (P < 0.001) and mean (P = 0.002) ruminal pH when compared to the HF diet (Table 5) . However, regardless of diet, minimum and mean pH were lowest during REC1 (P ≤ 0.002), increasing to REC2 with no change thereafter. Mean pH was affected by both treatment and period, and there was a tendency for an interaction be- Table 3 . Interaction between the forage-to-concentrate ratio of the diet fed prior to and during feed restriction (PRE) and week of recovery (REC1 and REC3) on ruminal short-chain fatty acid (SCFA) concentration, SCFA absorption, and blood metabolites and insulin. Data presented are the means ± SEM for 10 heifers/treatment 1 Only main effects are shown as the PRE × dietary treatment fed during recovery (POST) were not significant (P > 0.05). Only one PRE × POST × period interactions was significant (P < 0.05).
3 A PRE × POST × period interaction was detected (P = 0.006) with mean values (mol/100 mol) for HF-MF during REC1 = 11.8, MF-MF during REC3 = 11.8, HF-MF during REC3 = 10.5, MF-HF during REC1 = 10.2, HF-HF during REC3 = 9.2, HF-HF during REC1 = 9.2, MF-HF during REC3 = 9.1, and MF-MF during REC1 = 7.9 with a SEM = 0.76. Only HF-MF during REC1 and MF-MF during REC3 were different from MF-MF × REC1 whereas none of these treatment combinations differed from the rest.
4 BHBA = β-hydroxybutyric acid.
tween treatment and period (P = 0.051). Maximum ruminal pH increased (period; P < 0.001) from REC1 and REC2 to REC3 with a tendency (P = 0.064) for a POST × period interaction. A POST × period interaction was detected for the duration and area that ruminal pH was <5.5 (P < 0.001), with heifers fed MF having a greater duration (min/d) and area (pH × min/d) than those fed HF during REC1. During REC2 and REC3 there were no differences between dietary treatments within periods although numerically heifers fed MF had a greater duration and area. Dietary treatment and recovery period did not affect ruminal SCFA concentration (P > 0.05; Table 6 ). However, POST × period interactions were detected for the molar proportions of acetate and propionate (P ≤ 0.001). The molar proportion of acetate increased for heifers fed MF from REC1 to REC3 but, despite this, was reduced for heifers fed MF than HF during both REC1 and REC3. As the molar proportions of acetate increased, the molar proportion of propionate decreased from REC1 to REC3 for heifers fed MF POST to the extent that differences among treatments were not present during REC3. No differences in acetate and propionate concentrations were observed between REC1 and REC3 for heifers fed HF. The molar proportion of butyrate was greater (P = 0.048) for heifers fed MF than HF, but the response did not differ among recovery periods (P > 0.05). There were no effects of the diet fed POST or recovery period on absolute SCFA absorption or fractional SCFA absorption rate (P > 0.05; Table 6 ).
Plasma and Serum Metabolites and Insulin. Plasma glucose was not affected by diet fed POST nor was it affected by recovery period (P > 0.05; Table 6 ). Insulin concentration was numerically greater (POST × period; P = 0.020) for MF than HF during REC1, but insulin concentration decreased markedly for MF during REC3 without differences between dietary treatments during REC3. Serum BHBA and NEFA were not affected by diet fed POST or recovery period.
Apparent Total Tract Digestibility. Dry matter, OM, and NDF total tract apparent digestibility were not affected by recovery period (P > 0.05; Table 7) or POST in the case of DM and OM (P > 0.05). However, NDF total tract apparent digestibility was 16% greater for heifers fed HF (P = 0.007) than for those fed MF. Table 4 . Effect of interaction between the forage-to-concentrate ratio of the diet fed prior to and during feed restriction (PRE) and week of recovery (REC1 and REC3) on apparent total tract digestibility. Data presented are the means ± SEM for 10 heifers/treatment 1 .001 a-c Means, for the interaction between treatment and period, within a row with uncommon superscripts differ (P ≤ 0.05).
DISCUSSION
Beef and dairy cattle are exposed to periods of shortterm FR that, in many cases, are predictable occurrences. Examples of predictable episodes of short-term FR include weaning (Boland et al., 2008) , transportation and marketing (Loerch and Fluharty, 1999) , and heat stress (Huber, 1996) . In addition to decreased production (Tarrant and Grandin, 2000; Duff and Galyean, 2007) , a growing body of research has demonstrated that shortterm feed deprivation (Gäbel et al., 1993 ) and shortterm FR (Zhang et al., 2013a; Albornoz et al., 2013) also   Table 6 . Effect of the interaction between the forage-to-concentrate ratio of the diet fed post-feed restriction (POST) and week of recovery (REC1 and REC3) on ruminal short-chain fatty acid (SCFA) concentration, SCFA absorption, and blood metabolites and insulin. Data presented are the means ± SEM for 10 heifers/treatment 1 1 Only main effects are shown as the dietary treatment fed prior to and during feed restriction (PRE) × POST were not significant (P > 0.05). Only one PRE × POST × period interaction was significant (P < 0.05).
3 A PRE × POST × period interaction was detected (P = 0.006) with mean values (mol/100 mol) for HF-MF during REC1 = 11.8, MF-MF during REC3 = 11.8, HF-MF during REC3 = 10.5, MF-HF during REC1 = 10.2, HF-HF during REC3 = 9.2, HF-HF during REC1 = 9.2, MF-HF during REC3 = 9.1, and MF-MF during REC1 = 7.9 with a SEM = 0.8. Only HF-MF during REC1 and MF-MF during REC3 were different from MF-MF × REC1 whereas none of these treatment combinations differed from the rest.
4 BHBA = β-hydroxybutyric acid. Table 7 . Effect of the interaction between the forage-to-concentrate ratio of the diet fed post-feed restriction (POST) and week of recovery (REC1 and REC3) on apparent total tract digestibility. Data presented are the means ± SEM for 10 heifers/treatment 1 Only main effects are shown as the dietary treatment fed prior to and during feed restriction (PRE) × POST and PRE × POST × Period interactions were not significant (P > 0.05).
reduce SCFA absorption across the reticulorumen and compromise barrier function of the ruminal epithelium ) and the total gastrointestinal tract (Zhang et al., 2013a) . While these studies have documented reductions in absorptive and barrier function caused by a short-term reduction in feed intake, the recovery response and strategies to accelerate the recovery response have not been addressed adequately. Increased rates of SCFA absorption (Uppal et al., 2003; Gäbel et al., 1991) , enhanced barrier function (Lodemann and Martens, 2006) , and increased papillae surface area (Bannink et al., 2008) are all reported outcomes from feeding diets that have a moderate-to-high fermentability relative to when cattle or sheep are fed diets that were high in forage or had low fermentability. These findings led to the hypothesis that increasing the fermentability of the diet fed before, during, and following FR may accelerate the recovery response for SCFA absorption across the reticulorumen and alleviate the reduction in energy status induced by short-term FR.
When designing the experiment, we had considered the possibility of interactions between the F:C of the PRE and POST diets and, accordingly, designed the experiment such that it was suitable to identify such interactions. Interactions were expected especially for parameters such as ruminal pH and SCFA absorption as the HF diet was expected to promote greater ruminal volume during FR than the MF diet and that the MF diet was expected stimulate a recovery in ruminal fermentation POST and thereby promote SCFA absorption. However, it became evident that the PRE and POST diets were not significantly interacting in their effect on the recovery from FR. This has two very important practical implications. First, for episodes of FR that are predictable (e.g., weaning and transportation) and those that can be detected during FR itself (e.g., heat stress, parturition), there seem to be dietary strategies that can be implemented to accelerate the recovery response on realimentation. Second, it seems justified for followup studies to focus on PRE and POST diets independently, which greatly enhances the possibilities to include more FR and F:C levels in future experimental protocols. As for the present study, the lack of interactions between PRE and POST diets implies that only the main effects of PRE and POST treatments and their interaction with week of REC need further consideration in the following sections.
Feeding a High-Forage Diet Before and During Feed Restriction Negatively Affects the Recovery Response
A major finding of the present study was that feeding a HF diet before and during FR negatively affected the rate of return to expected DMI, regardless of the F:C of the diet fed during recovery. It is common for newly received feedlot cattle to have a slow rate of increase for DMI on arrival. In fact, Hutcheson and Cole (1986) reported that 2 to 3 wk were required for newly received cattle to achieve expected levels of feed intake relative to the time of arrival at a feedlot. In contrast to the results of the current study, Cole and Hutcheson (1987) reported that the F:C of the diet fed before a FR sequence (1 d of feed deprivation, 1 d of limited feeding, and 2 d of feed deprivation) did not affect DMI during the recovery period. However, it should be acknowledged that the steers in that study were not truly adapted to the PRE diet as the dietary treatments before FR were only applied for 3 d and steers were limit fed at 1.75% of BW (Cole and Hutcheson, 1987) . Therefore, it appears from our study that, in addition to the severity of the FR event (Zhang et al., 2013a) , the dietary F:C may affect the rate that DMI increases following return to ad libitum intake, with diets including MF being beneficial over diets including HF. The latter conforms with the already acknowledged principles of prepartum feeding in dairy cows where an increase in the proportion of concentrate prepartum results in a greater rate of increase for DMI following the voluntary reduction in DMI that occurs around parturition (Penner et al., 2007) .
There was also an indication, albeit weak, for an effect of the PRE diet on ruminal pH as during REC1, low DMI occurred simultaneously with a numerically increased duration of ruminal pH < 5.5 for heifers fed HF relative to those fed MF PRE. This indicates that heifers fed MF diets before and during FR may be better protected against acidosis on return to ad libitum intake following FR. It needs to be highlighted, however, that the POST diet had a much clearer influence on ruminal pH than the PRE diet (see next section). An inferior importance of the PRE diet for ruminal pH regulation was also evident in Goad et al. (1998) in which steers were adapted to diets with a F:C of 80:20 or 20:80 before 24 h of feed deprivation. After feed deprivation, steers were re-fed ad libitum a 20:80 F:C diet and both dietary scenarios induced subacute ruminal acidosis. It could be expected that feeding a more fermentable diet may preserve the absorptive capacity for SCFA and that this mechanism may be responsible for the beneficial effect of feeding a MF diet PRE on ruminal pH after refeeding because SCFA absorption is crucial for intraruminal pH regulation Penner et al., 2009; Aschenbach et al., 2011) . However, the FR event itself decreases the absorptive capacity for SCFA (Zhang et al., 2013a ) that is still evident 1 wk after the return to ad libitum feeding (Zhang et al., 2013b) . Moreover, feeding the MF diet PRE did not mitigate the negative effect of FR on SCFA absorptive function (Albornoz et al., 2013 ). Therefore, it seems possible that prefeeding a MF diet enabled the reticulorumen epithelium to recover SCFA absorption or metabolism faster during REC1. This suggestion is supported by the diet × period interaction for butyrate absorption in the present study. Noticeably, this was associated with a butyrate sequestration in ruminal fluid, pointing to the functional relevance of SCFA absorption for the regulation of intraruminal SCFA concentration. A clear explanation for the positive effect of feeding MF PRE on the recovery from FR and its molecular basis needs to be addressed in future studies, especially, considering that we did not observe an effect of the F:C on SCFA absorption during FR (Albornoz et al., 2013) . However, these data do show that carryover effects of the diet fed before and during FR should be taken into account when developing dietary strategies to alleviate the negative effects of a severe short-term FR. Detrimental effects on DMI recovery and ruminal pH during realimentation can be expected when a HF diet is fed PRE, with these responses occurring independent from the diet fed POST.
Feeding a High-Forage Diet Following Feed Restriction Improves the Recovery Response
Exposing cattle to a moderate short-term FR (50% of ad libitum intake for 5 d) has negative implications on energy balance (Vélez and Donkin, 2005; Carlson et al., 2006) due to a reduction in nutrient provision but also by reducing the rate of SCFA absorption across the rumen (Zhang et al., 2013a; Albornoz et al., 2013) . The negative nutrient balance induced with FR may also be exacerbated by low voluntary feed intake POST FR as shown in the current study and that of Zhang et al. (2013b) . A logical strategy to improve nutrient intake during times of low feed intake is to increase the nutrient density of the diet (NRC, 2001 ) by increasing the fat content (Fluharty and Loerch, 1997) or decreasing the F:C.
While decreasing the F:C could partially compensate for decreased DMI, there is a risk for ruminal acidosis as feed intake increases (Brown et al., 2000; Penner et al., 2007) , even when feeding a moderate forage diet (F:C 60:40; Zhang et al., 2013b) . Accordingly, feeding MF POST in the current study was associated with approximately 4.5 h/d where ruminal pH was <5.5 compared to almost 0 h/d in heifers fed HF during REC1. This was associated with a reduction for DMI recovery. It has been reported that subacute ruminal acidosis induces a reduction in DMI with DMI gradually increasing over time as mean ruminal pH increases (Brown et al., 2000; Krause and Oetzel, 2006; Zhang et al., 2013b) . Supporting this concept, we observed that heifers fed HF POST did not experience ruminal acidosis and had high DMI throughout REC1. The previous argument may also help to explain why NDF digestibility was greater for heifers fed HF than MF (Oba and Allen, 1999; Firkins et al., 1998) as low pH has been shown to compromise fiber digestibility (Krajcarski-Hunt et al., 2002) .
Feeding diets with a reduced F:C has been shown to accelerate adaptation of the absorptive function (Etschmann et al., 2009) , barrier function (Lodemann and Martens, 2006) , and proliferation of ruminal papillae (Dirksen et al., 1985; Bannink et al., 2008) and stimulates SCFA absorption (Dijkstra et al., 1993; López et al., 2003; Aschenbach et al., 2011) . However, in our study feeding heifers a MF diet POST did not increase the rate of SCFA absorption after short-term FR with little to no changes occurring within the first 3 wk. Consequently, the main benefits of a HF diet POST can hardly be attributed to ruminal epithelial adaptations but rather to less intense fermentative peak.
Finally, it is not clear why an increase in SCFA absorption over time was not observed in the current study as Zhang et al. (2013b) showed an increase in SCFA absorption after imposing a similar FR model. However, in that study, the same diet was fed before and during FR and the authors were able to compare the period of FR to that during REC. From a numerical perspective, absorption rates during FR were 555 mmol/h during FR (Albornoz et al., 2013) and increased to over 600 mmol/h by REC1. Therefore, our data may suggest that the effect of the PRE diet has an effect on the recovery response that may at least partially outweigh the effect of the POST FR diet.
Conclusion
Results of this study suggest that reducing the F:C before and during FR is a viable mitigation strategy that can be implemented for predictable episodes of FR with observed improvements for the rate of recovery for DMI and greater ruminal pH during REC. In contrast, the recovery response can be accelerated by increasing the F:C of the diet after FR with marked improvements for DMI and ruminal pH. Improvements for DMI and ruminal pH on re-feeding with an HF diet are likely interlinked to each other and may be primarily attributable to a smoothened ruminal fermentation pattern.
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